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We present a theoretical study of soliton formation in long-chain polyenes, including the
energy of formation, length, mass, and activation energy for motion. The results provide

an explanation of the mobile neutral defect observed in undoped (CH),.

Since the soliton

formation energy is less than that needed to create band excitation, solitons play a funda-
mental role in the charge-transfer doping mechanism.

Polyacetylene, (CH),, is the simplest linear
conjugated polymer., The thermodynamically
stable tvans configuration is sketched in Fig., 1(a)
illustrating the o bonding (sp® hybrids) and the 7
bonding (p,) in the x-y plane. This dimerized
pattern (A) of alternating “single” and “double”
bonds forms one of two degenerate structures;
the other structure (B) is given by interchanging
the “single” and “double” bonds. As a conse-
quence of these degenerate ground states one ex-
pects excitations to exist in the form of a topo-
logical soliton, or moving domain wall, separat-
ing A and B domains.

Early calculations!™® indicate that a (charge)
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FIG. 1. (a) Trans configuration of (CH),. a=1.2A,

(b) m-band structure of perfectly dimerized (CH),.

neutral soliton in a long-chain polyene would have
a single unpaired spin localized in the wall, In
that work,® the wall width was assumed to be of
order one bond length, leading to a large activa-
tion energy for motion and localization of the
wall. Electron spin resonance studies*® of (CH),
have revealed a narrow line (g=2,00263) result-
ing from a dilute concentration of neutral defects
(of order a few hundred ppm in the #¥ans isomer).
The narrow width (AH =1.650e at room tempera-
ture) and Lorentzian line shape are indicative of
motional narrowing and imply that the resonance
results from a highly mobile unpaired electron
species, even down to 10°K, Goldberg et al.®
suggested that this spin resonance line might
arise from bond-alternation domain walls quenched
into the undoped polymer during the cis-trans
isomerization,

Recent interest in this semiconducting polymer
has been stimulated by the successful demonstra-
tion of doping with associated control of electri-
cal properties over a wide range.’” ' Analysis
of the anomalously small Curie~law contribution
to the magnetic susceptibility,’® the details of the
infrared absorption,!” and the magnitude and
temperature dependence of the thermopower?® in
lightly doped samples led to the suggestion that
doping may proceed through formation of charged
domain walls.

To gain a detailed understanding of solitons in
(CH), we have studied a model in which the 7
electrons are treated in a tight-binding approxi-
mation' and the o electrons are assumed to
move adiabatically with the nuclei. We present
in this paper initial results on the energy of
formation, length, mass, and activation energy
of the neutral and ionized domain walls. The re-
sults are discussed briefly in the context of ex-
perimental observations.

Let u, be a configuration coordinate for dis-
placement of the nth CH group along the molecu-
lar symmetry axis (x), .where «,=0 for the un-
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dimerized chain, The Hamiltonian is

H==3(tpernCusr,s | Cn,s +H.C)
ns

+ 2 3K (upy g — )2+ EML 2, (1)
n n
where to first order in the u’s,
tn+1.n=to_a(un+1"un)- (2)

M is the mass of the CH unit, K is the spring
constant for the o energy when expanded to sec-
ond order about the equilibrium undimerized sys-
tems, and c,, " (c,) creates (annihilates) a 7
electron of spin s on the nth CH group. The band
structure of the perfect dimerized structure (A
or B) is shown in Fig. 1(b), where the 7 band
width?®® 4¢,~10 eV and the dimerization energy
gap® E,=2A=4¢,~1.4 eV, In this perfect struc-
ture, the displacements are of the form

uno':i(_l)nuo’ (3)

where (+) corresponds to A and (=) to B. There-
fore, the hopping integrals for the perfect chain
are

_ {t,—t, “single” bond

n+l,n~ (4)
lto +t, “double” bond .,

14

By using®' K =21 eV/A? and requiring that the
value of u, which minimizes the ground-state en-
ergy leads to 4¢,~1.4 eV, we find a/t,=1.65 A~!
in good agreement with independent estimates of
this parameter.?? Also, u,=0.042 A is the
amplitude in the x direction of the CH displace-
ment and the bond-length change due to bond alter-
nation is v3u,=0.073 A.

Consider now two domains with B phase to the
left and A phase to the right of a soliton which is
at rest at the origin n=0, as illustrated in Fig.
2(a). To determine the properties of the soliton
(width, energy, mass, spin, etc.) we determine the
ground-state energy of the system for an arbi-
trary displacement pattern which reduces to the
A and B phases as one moves to the far right or
left. In practice we vary the displacements in a
segment containing N CH groups located sym-
metrically about »=0, and tie onto perfect A and
B phases. The ground-state energy is then read-
ily calculated using Green’s-function methods for
any set of #, in the segment. It is convenient to
define a staggered order parameter

¢n=(_1)nun’ (5)

which reduces to +u, for the A and B phases and
is zero by symmetry at the center of the wall,
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FIG. 2. (a) A soliton separates the A and B phases.
(b) Soliton energy as a function of wall width for three
values of the energy gap E,.

As a trial function we take
Y=y tanh(xn/1) (6)

and determine the system energy E(I) as shown
in Fig. 2(b) for 4¢,=1.0, 1.4, and 2.0 eV. The
minimum occurs at [ =7 for 4¢,=1.4 eV so that
the wall is quite diffuse (for 4¢, =2.0 eV, [ =5
and for 4¢,=1.0 eV, [~9). The energy to create
the soliton at rest is E,~0.4 eV for the 1.4-eV
gap energy (0.6 eV for 4¢,=2.0 eV; 0.3 eV for
4¢,=1.0 eV). Using the adiabatic approximation
for the electronic motion, one can show that the
effective mass of the soliton is related to the 6u,
for a small change in wall position, &, by

M = M5, (6u, /8 )? ~ 4u,?M/31a, )

where the second equality holds if we use (6) and
replace n by n -x,/a in the derivative. Using the
values obtained above for 4¢,=1.4 eV, we esti-
mate M ~6m,, where m, is the electron mass,
We have calculated the periodic-lattice—induced
activation energy for neutral-soliton motion in
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FIG. 3. Probability distribution of the localized
electronic state at the center of the gap.

the pure system by rigidly displacing the tanh
function in Eq. (6) and find AE;~0,002 eV. Thus,
a small activation is predicted, consistent with
the electron spin resonance line narrowing ob-
served in undoped specimens down to 10°K.

The electronic structure of the soliton exhibits
a localized state ¢, at the center of the gap, con-
taining one electron for the neutral kink, While
this localized state is spin unpaired, the dis-
torted valence band continues to have spin 0.
Thus the neutral soliton has spin 3. The static
susceptibility therefore will contain a Curie-law
contribution and can be used to count the number
of soliton defects present. ¢,(x) is plotted in
Fig. 3 for 4¢,=1.4 eV. For larger [, extra pairs
of states enter symmetrically from the conduc-
tion and valence bands.

Since the localized state occurs at the gap cen-
ter, i.e., the chemical potential, the relevance
of the solitons to the doping of (CH), depends on
the energy for creation of a soliton, E;, as com-
pared with the energy required for making an
electron or a hole, 3E, =A. If A<E, charge-
transfer doping would occur by creating free
band excitations; if A>FE, soliton formation
would be favored. For E, =1.4 eV considered
above, E,~0.4 eV<A=0.7 eV. Thus, the soliton-
bound hole leads to stabilization over the free
hole by A-E, ~0,3 eV with correspondingly
larger values if the gap is larger. The same
stabilization energy holds for adding an electron,
which would occupy ¢,(x) of the soliton rather
than being placed at the conduction-band edge.
Self-consistent-field effects arising from elec-
tron-electron interactions would split the ioniza-
tion and affinity levels of ¢, about the center of
the gap and change these estimates accordingly.
We note that the ionized solitons formed upon
doping with acceptors (or donors) will be non-
magnetic, consistent with the experimental ob-
servations’ for AsF, and iodine doping,?%2*
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It is important to recognize that the soliton
which we are discussing is not a phase soliton or
¢ particle as discussed by Rice, Bishop, Krum-
hansl, and Trullinger.?® Intuitively, one might
assume that the interchange of double and single
bonds corresponds to a 7 phase shift of the elec-
tronic-charge-density wave. This reasoning
leads to the soliton having a charge te. Rather,
the soliton discussed here is neutral (unless it
is explicitly ionized). Instead of satisfying a
sine-Gordon-like equation for the phase of a
charge-density wave, the soliton discussed here
is an amplitude distortion of the field y, which
satisfies an equation more akin to the y* field
theory,26 28

In the lightly doped system, the charged soliton
is bound to the charged impurity by the Coulomb
interaction. We assume the impurity to be a
point charge, ¥e, a distance d~2 A from the
chain immersed in a medium of dielectric con-
stant'® €=10, and the soliton’s charge density to
be ze| ¢,(x)|2. We find the binding energy to be
approximately 0.31 and 0.33 eV for d=2.4 A and
d=2 A, respectively (for E,=1.4 eV, [=1) as
compared to the observed activation energy 0.3
eV for electrical conductivity.*!° In the bound
state, if the interaction with the impurity is devel-
oped to second order in the displacement of the
soliton leading to a spring constant K, one finds
the vibrational energy is approximately hiw =(k,/
M,)¥2=0,07 and 0,08 eV for d=2.4 and 2.0 A,
respectively, In this analysis we have used the
equality of the soliton’s kinetic mass M, defined
by Eq. (7) and its inertial mass which enters the
analog of Newton’s second law, This equality
follows from a work-energy theorem for soliton
motion.?® We tentatively associate this mode
with the broad infrared absorption observed® to
peak at ~0,10 eV. The width of the peak may be
due to varying distances between the impurity and
the chain throughout the system.

Since the order parameter ¢, goes to zero in
the center of the wall, one can anticipate a C-C
bond-stretch frequency intermediate between that
of the single and the double bond. This is con-
sistent with the strong molecular mode observed
at 1370 cm™! in the lightly doped polymer.i® We
are currently investigatigating the oscillator
strength of the shape oscillation mode of the soli-
ton in which / varies, as well as continuum modes
in the presence of the soliton.

In summary, we have presented initial results
of a theoretical study of soliton formation in long-
chain polyenes, including the energy of formation,




VOLUME 42, NUMBER 25

PHYSICAL REVIEW LETTERS

18 JUNE 1979

length, mass, spin, and activation energy. The
results provide an explanation of the mobile neu-
tral defect observed in undoped (CH),. Moreover,
since the soliton formation energy is less than
that needed to create a band excitation, soliton
formation plays a fundamental role in the charge-
transfer doping mechanism,
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